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Summary. — A search for dark matter (DM) induced neutrinos from the Milky
Way has been performed based on data collected with the Super-Kamiokande
detector in the years 1996-2014. Dark matter density is expected to be largely
enhanced in the area of the Galactic Center (GC) which may result in increased
annihilation/deacy of relic particles in that region. The analysis focuses on the
search for angular anisotropy in the number of observed neutrino events between
the GC and the other part of the sky where the expected flux of dark matter an-
nihilation/decay products is low. No excess of neutrinos from the GC region has
been observed with respect to atmospheric neutrino background. Upper limits on
the self-annihilation cross-section and lower limits on the lifetime have been ob-
tained for dark matter particle masses ranging from 1GeV to 10TeV for various
dark matter halo models.

PACS 13.15.+g — Neutrino interactions.
PACS 95.35.+d — Dark matter (stellar, interstellar, galactic, and cosmological).

1. — Dark matter detection

Detecting and elucidating the nature of DM is one of the main goals of astrophysics
and particle physics nowadays. There are two main strategies for DM detection — direct
and indirect. The direct methods are based on the assumption that DM particles can
be elastically scattered on the baryonic nuclei. Many experiments attempt to measure
the kinetic energy of resulting nuclear recoils. Current results are inconsistent and con-
troversial. Indirect searches aim at detection of DM annihilation/decay products in the
fluxes of cosmic rays, such as charged particles, photons or neutrinos. The latter, can be
produced directly or in subsequent decays of mesons and leptons.

Neutrinos can provide very good information on their source position while traversing
unaffected through galactic scales. Moreover, their energy remains completely unchanged
during propagation providing valuable information about energy spectra generated in
DM annihilation/decay processes. On the other hand, detection of neutrinos is very
challenging due to their weak-scale cross section and the fact that they are neutral and
one relies on observation of products of their interactions.
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Fig. 1. — The expected true neutrino energy distributions for the fully contained, partially con-
tained (upper plot), upward stopping and upward through-going muons samples (lower plot) [1].

2. — Super-Kamiokande detector and atmospheric neutrinos

Super-Kamiokande (SK) is a 50kton water Cherenkov detector located at the
Kamioka Observatory of the Institute for Cosmic Ray Research, University of Tokyo [2].
The observatory was designed to search for a proton decay, study solar, atmospheric
and man-made neutrinos, and keep watch for supernovae. Detection of neutrino interac-
tions is based on observation of charged particles, primarly leptons, which may produce
Cherenkov radiation while moving faster than ¢ in water. The Cherenkov light projected
onto the walls of the detector and recorded by photomultipliers, allows to reconstruct
energy, direction and flavour of a parent neutrino.

Among all neutrino sources it is worth to discuss atmospheric neutrinos as they have
the same energy range as it is expected for DM induced neutrinos. Atmospheric neutrinos
are produced in interactions of cosmic rays with atomic nuclei in the Earth’s atmosphere.
Their average energy is of several hundreds of MeV and the energy spectra has a long
high energy tail reaching TeV scale. If the charged lepton produced in neutrino interac-
tion stops in the inner detector, this type of event is classified as fully contained (FC).
If a high energy lepton exits the inner detector and deposits energy also in the outer
veto region, event is classified as partially contained (PC). The energies of PC events
are typically 10times higher than those producing FC events. Neutrinos also interact
with the rock surrounding the detector and may produce high energy muons which in-
tersect the tank. Downward-going muons produced in interactions of neutrinos cannot
be distinguished from the constant flux of cosmic ray muons. However, muons travel-
ling in upward direction (UPMU) must be neutrino induced. The expected number of
neutrino events in each class is presented in fig. 1 as a function of neutrino energy. The
discussed analysis is based on atmospheric neutrino data collected with the SK detector
in the years 1996-2014 (SK-I, SK-II, SK-IIT and SK-IV data taking periods), corre-
sponding in total to 4223.3 livetime-days for FC/PC and 4527.0 livetime-days for UPMU
events.
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3. — Dark matter halo and signal simulation

The intensity of expected DM induced neutrino signal is proportional to the square of
the DM density in the halo (in case of annihilation) or to the density (in case of decay) (see
fig. 2, right plot). Therefore, the distribution of DM in the Milky Way is crucial for any
robust predictions. It is expected that DM halo envelops the galactic disk and extends far
beyond the edge of the visible galaxy. The three commonly used profiles: Navarro-Frenk-
White [3], Moore [4] and Kravtsov [5] are obtained as a result of cosmological N-body sim-
ulations with large dynamic range [6] and gravitational lensing observations [7]. The com-
parison of DM density distribution, p(r), as a function of the distance from the GC for the
considered profiles is shown in fig. 2 (left plot). For the outer regions of the halo (several
kpc away from the GC) one observes good agreement between profiles. However, the in-
ner gradients of the halo profiles are the most uncertain part, due to the spatial resolution
limit of existing simulations. In the presented analysis, the NFW is used as a benchmark
model, while the Moore and Kravtsov profiles are applied as extreme cases to estimate the
influence of halo model choice on the obtained results. Since DM halo profiles are peaked
towards the GC one expects very large enhancements for small angles around this point.

The differential flux of annihilation products with average intensity Jaq, can be
expressed in the form [8]

de)AQ <(TA’U> Rscpgc dN
(1) = AQ > T
dFE 2 4mms, dFE

where (o 4v) is the velocity-averaged DM self-annihilation cross-section, R, is the radius
of solar circle (Rs. = 8.5kpc) and ps, is local DM density (ps. = p(Rsc)). The factor 1/2
accounts for DM being its own antiparticle, 1/47 is for isotropic emission of the annihi-
lation products, m, is assumed mass of the DM particle and dN/dFE is the spectrum of
the annihilation products. For decaying DM the intensity of the products is proportional
to density and expected neutrino flux is then

dPag 1 Rocpse AN
2 =] i
@ dE 7% 4rm, dE”

where 7 is the DM particle lifetime.
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Fig. 2. — Left plot: DM density p vs. distance from the GC for three halo profiles (NFW [3]
(red-solid), Moore [4] (black-dotted) and Kravtsov [5] (blue-dashed)) condidered in the analysis.
Right plot: Expected intensity J(W¥) of DM annihilation (black-solid)/decay (blue-dotted) prod-
ucts for NF'W halo model as a function of angular distance V.
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Fig. 3. — Spherical projections of the expected signal shape for the DM annihilation scenario in
the equatorial coordinate system (Right Ascension, Declination) for NFW, Moore and Kravtsov
profiles. The normalization was chosen arbitrary.

In the presented analysis four anihillation/decay channels are considered: v, bb,
WFW=, uTp~. As a model independent approach 100% branching ratio to a given an-
nihilation/decay mode is assumed. In annihilation into pairs of Dv, spectrum of neutrinos
per flavour is a monochromatic line with dN/dE = 26(E — m,), where the prefactor
2/3 arises under the assumption that 2 neutrinos are produced per one annihilation of
DM particles pair and all neutrino flavours are equally populated. Differential multi-
plicity spectra for other considered DM annihilation modes (bb, WHW =, utpu~) were
obtained using the DarkSUSY simulator [9]. For calculation of the DM induced neutrino
flux at the detector a full mixing is assumed due to long-baseline oscillations over the
galactic scales. The expected number of neutrino events observed in the detector can be
found by integrating the differential neutrino flux di’% over the detector livetime and
the direction- and energy-dependent effective area.

Since the calculation of the angular and energy spectra of DM annihilation/decay
products is well established [8], one can try to simulate neutrino events originating in
these processes. In order to simulate these events, reweighting procedure was applied
to generated atmospheric Monte Carlo (MC). Neutrino interactions at SK are simulated
with large statistics corresponding to 500 years of livetime for each running period of
SK-I, SK-II, SK-IIT and SK-IV. After reweighting the expected DM induced neutrino
intensity, angular distribution and energy spectra are reproduced. The results of the
simulation, presented in fig. 3, are consistent with expectations. For each halo model,
the signal is peaked and pointing towards the GC direction. The angular resolution of
the detector is taken into account. The difference between profiles can be clearly seen
in the case of the DM annihilation scenario. Therefore, one expects differences in the
obtained results due to differences in the adopted halo model.

4. — Analysis idea

Dark matter induced neutrino flux would manifest itself through a large scale
anisotropy with the largest excess of neutrino flux at the area of the GC, as it is shown
in previous section. To test this hypothesis, two regions on the sky are chosen. The on-
source region is centered on the GC position (266° Right Ascension, —29° Declination)
and defined by a circle around this point with a half-opening angle ¥. The off-source
region is equally sized, but offset by 180° in Right Ascension (see fig. 4). In both regions
signal and background events are expected. Signal events are defined as the DM induced
neutrinos. Background events consist of atmospheric neutrinos which are expected to be
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Fig. 4. — Schematic explanation of the analysis idea. The difference in total number of events
between two regions of the sky will be considered.

equally distributed in the on- and off-source regions. Therefore, the difference in num-
ber of neutrino events between on- and off-source regions should contain no background
events. In this way the background can be estimated directly from the data. This method
is independent on atmospheric MC simulations and related systematic uncertainties as
they should equally affect on- and off-source regions. The difference in number of neu-
trino events between on- and off-source regions corresponds to the difference in signal
events:

3) AN = (NG + N?) = (Nogg + Nojip) m Nt = Nl = AN,
and is directly proportional to the DM self-annihilation cross-section (o 4v) and inversely
proportional to lifetime 7 in decaying DM scenario.

The angular resolution of the detector strongly depends on the energy of parent
neutrinos. Leptons produced in interactions of low energy neutrinos (< 1GeV) loosely
follow the direction of the parent neutrino. Therefore, it would be good to find optimal
size of the on-source region so that the signal-to-background ratio is maximal. The
optimization was performed for NFW profile, which was a benchmark model in this
analysis. The angular resolution of the detector differs between event classes and the
optimization was carried out separately for SubGeV and MultiGeV FC, PC and UPMU
event samples based entirely on simulated events. The rest of the analysis was based
only on the data.

5. — Results

5'1. Upper limits on dark matter induced neutrinos. — The comparison between the
number of observed neutrino events (v,7,,) in on- and off-source regions is shown in table I
for DM annihilation case and in table IT for DM decay. Different event classes (FC, PC
and UPMU) were considered separately, and for each class, the optimal size of the on-
source region was determined based on the simulated DM induced neutrino events (see
previous section). No excess of events has been observed. This is the main result of the
performed analysis, which can be further interpreted under the assumptions of various
DM halo models. Based on the null results in the considered samples (corresponding to
various M, ), one can derive the upper limit on the number of DM induced neutrinos.
In the last column of tables I and II, the 90% CL. limit on the allowed difference in
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TABLE 1. — The number of neutrino events (v,,) observed in on-source and corresponding off-
source regions for each considered event classes. The optimal size of the on-source region was
determined separately for each class. The last column shows the upper 90% Confidence Level
(CL) limit on the allowed difference in number of signal events between two considered regions.
Results for DM annihilation scenario.

l Sample I Size [°] ' On-source ' Off-source ANsig ' 90% CL ANgiq
p-like FC SubGeV 80 3604 3656 —49 + 85.2 113.5
p-like FC MultiGeV 30 226 243 —17+£21.7 26.8
PC 20 75 7 —2+12.3 19.0
UPMU 10 50.2* 64.0" —13.8 £ 10.7 11.1
ALL 35 1988.4 2125.5 —137.1£64.1 51.6

TABLE II. — The same as in table I, but for DM decay scenario.

Sample | Size [°] ' On-source ' Off-source ANgig ' 90% CL ANgiq4
p-like FC SubGeV 80 3604 3656 —49 £ 85.2 113.5
p-like FC MultiGeV 80 1479 1417 62 £+ 53.8 134.9
PC 80 1043 985 58 +£45.0 118.3
UPMU 80 3144.0" 3204.2* —60.2 £ 79.7 99.6
ALL 80 9270.0 9259.2 10.8 £136.1 230.6

* In case of UPMU samples, estimated rate of bkg events due to horizontal cosmic ray muons
is subtracted from the final data set.

number of signal events is calculated using the Bayesian approach (see [10] for detailed
description).

5°2. Upper limits on dark matter induced (v,7,) neutrino fluz. — At this point one
can try to interpret obtained results in terms of limits on DM induced neutrino flux,
taking into account given annihilation channel and halo model. It is possible to translate
upper limit on a difference in number of DM induced neutrinos ANg ¢, to corresponding

. . . . do
difference in average DM induced neutrino fluxes between on-source (“=$2=) and off-

d®aq .
source (—;24L) regions:

on

vy dPaq,  dPag
) Aoy = —4E " TaE

off

Using atmospheric MC, one can match the number of observed atmospheric events Nz,

with corresponding true value of neutrino flux dq:i”bi"" for a given neutrino energy and the

same relation can be obtained for signal events.

5'3. Upper limits on dark matter self-annihilation cross section and lower limits on
dark matter particles lifettme. — Based on theoretical expectations about DM halo model,
one can translate the limit on the DM induced neutrino flux 4242 into the upper limit
for velocity-averaged self-annihilation cross-section (o4v) (eq. (1)). The upper limits
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Fig. 5. — Left plot: The upper 90% CL limits on DM self-annihilation cross section for considered
annihilation channels, for NFW, Moore and Kravtsov profiles. Regions above the lines are
excluded. Each time 100% BR to a given annihilation channel is assumed. Right plot: The
same but for the lower limits on DM particles lifetime.

can be evaluated for NFW, Moore and Kravtsov profiles, using different average signal
intensities Jaq. The results for three considered profiles are presented in fig. 5 (left plot).
The derived constraints on the value of (o4v) strongly depend on adopted halo model.
Obtained differences between benchmark model (NFW) and models used as extreme
cases (Moore and Kravtsov) can reach the order of magnitude.

In analogical way one can calculate limits on DM particles lifetime (eq. (2)). In this
case, there is no point to consider different DM halo models, because the expected signal
intensity Jyaq is on the same level. Results are presented in fig. 5 (right plot).

6. — Summary

Dark matter search is a highly challenging field, encompassing very different experi-
mental techniques and detection methods. The existing results from other experiments,
which are not conclusive, demonstrate the importance of a multi-messenger approach to
dark matter searches and validate the interest in a neutrino channel.

Self-annihilating or decaying DM in our Galaxy might produce neutrinos. This would
manifest in a large-scale anisotropy of observed neutrino flux. The excess of DM induced
neutrinos over the atmospheric neutrino background is expected from the direction of the
GC due to increased DM density in this region. It is convenient to search for this effect in
equatorial coordinate system as the position of the GC is fixed in these coordinates. The
direction and energy spectrum of neutrinos produced in DM annihilation/decay remains
unchanged during their propagation throughout the Galaxy. Therefore, neutrinos can be
a powerful tool in DM searches.

In the presented analysis we search for global anisotropy in neutrino flux which has not
been found. Based on a null contribution of DM induced neutrinos, the upper limits for
DM velocity-averaged self-annihilation cross section (o4v) and lower limits for lifetime
7 for various masses of relic particles in the range 1 GeV-10TeV were derived.
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